The isolation of telomeres from the phytopathogenic fungus Ustilago maydis is described. The telomeric repeat from the plant Arabidopsis thaliana, 'ITTAGGG, cross-hybridizes to Bal31 -sensitive fragments of U. maydis DNA and detects many or all of the U. maydis chromosomes separated b y pulsed-field gel electrophoresis (PFGE). This telomeric repeat was used to screen a library enriched for chromosome ends. Three clones were isolated which contained the tandemly repeated sequence TTAGGG. This sequence is identical to some known telomere repeats found in humans and other vertebrates as well as in some protozoa and moulds. In addition, the three telomeric clones had an almost identical 376 bp segment of middle-repeated telomere-associated sequences adjacent to the telomeric repeat. This segment hybridized t o many or all U. maydis chromosomes separated b y PFGE and showed a hybridization pattern in genomic digestions similar to that of the telomeric repeat. These results indicate that in U. maydis the same segment of telomere-associated sequences is located adjacent to the telomeric repeat in many or all chromosomes, which suggests that it may have a common role in chromosome function.
INTRODUCTION
In the last few years a dramatic increase of information has been generated in the molecular analysis of telomeres. These specialized DNA-protein complexes located at the chromosomal termini are required to stabilize the chromosomes and for the complete replication of DNA at the chromosome end. The telomere consists of tandemly repeated copies of a DNA sequence which contains clusters of G residues oriented 5' to 3' towards the chromosome end. In telomeres of Arabidopsis, human, Tetrabmena and Cblamydomonas, among other eukaryotes, this sequence is perfectly repeated with little or no divergence. In others, like Saccbaromyces cerevisiae and Dictyostelitrm, variations of a primary pattern are repeated. A repeated sequence is characteristic for each species and it is assumed to be present in all the chromosomes (Blackburn, 1991 ; Kipling & Cooke, 1992; Zakian, 1989 ). An identical telomere repeat unit can be present in divergent species, ranging from protozoa to plants and humans. Also, telomeres from one species can stabilize Abbreviations: ARS, autonomously replicating sequence; PFGE, pulsedfield gel electrophoresis; UTAS, Ustilago telomere-associated sequences.
The GenBank accession numbers for the sequences reported in this paper are X77242 and X77243.
linear molecules in another one, even if their telomeric sequences are different (Zakian, 1989) . The length of this repeated unit varies between species ; in humans, differences in length have been observed depending on the cell type or on donor age (Harley e t al., 1990; Hastie e t al., 1990) . In ciliated protozoa, synthesis of the G-rich strand is catalysed by an enzyme activity named telomere terminal transferase or telomerase. Telomerases are ribonucleoprotein enzymes, in which the RNA component contains sequences complementary to the telomeric repeat for which it is the template (Blackburn, 1992) . Mutations in a gene that is thought to code for a component of the telomerase in S. cerevisiae, or mutations on the telomerase RNA gene of Tetrabymena, can lead to dramatic phenotypes : telomere shortening, chromosomal instability and cell death (Lumblad & Szostak, 1989; Yu e t al., 1990) .
Studies in S. cerevisiae have determined that the only DNA sequence that is required for telomere function is the simple telomeric repeat. Although middle-repetitive DNA sequences are also often found adjacent to the telomere repeat, these sequences are not required for telomere function. For these sequences, called telomereassociated sequences, roles in recombination, replication and chromosome healing have been suggested; in S. cerevisiae these sequences are highly recombinogenic and 
contain putative DNA replication origins (Zakian, 15189) . Telomere-associated sequences can extend from a few to hundreds of kilobases and have a polymorphic distribution. In 5'. cerevisiae two types of telomere-associated sequences, called X and Y', are found. Y' is a 6*'7 kb highly conserved element present in 0 to 4 copies at the telomere region, and X is a 0.3 to 3.75 kb less conserved and less well characterized element (Chan & 'rye, 1983a, b) . In humans, a few kilobases of telomereassociated sequences have been sequenced. These sequences are polymorphic in the genome and harbour a complex mixture of repetitive elements (Brown et al., 1990) . In other organisms, such as Plasmodizlm falciparzlm, the telomere-associated repeats can extend for about 100 kb (Foote & Kemp, 1989) . We are interested in the analysis of chromosome structure in Ustilago mqdis, a basidiomycetous fungus that causes the smut disease in maize. This fungus has been used as a system to study genetic recombination (Holliday, 19'74) , DNA repair and replication (Holliday, 1974) and hostpathogen interactions (Banuett & Herskowitz, 1989 Wang et al., 1988) . U. mqdis hits a haploid chromosome number of approximately 20 in the size range of 300 to more than 2000 kb, which allows the use of pulsed-field gel electrophoresis (PFGE) for kar yotyping (Kinscherf & Leong, 1988) . In this report we describe the molecular cloning of the telomeric repeat and of a segment of telomere-associated sequences from this fungus.
METHODS
Strains and DNA manipulation. The Escbericbia coli strain was XL-1 Blue (recA I endA I gyrA96 tbi-I bsdR 17 stlpE44 relA 1 lac [F' proAB lac1' ZAM15 Tn IO(Tet')]) from Stratagene. The Saccbaromyces cerevisiae strain was YPH252 (MATa ura3-52 352-801 ade2-101 letl2A I, I12 bis3A200 trp I-A I), kindly provided by P. Hieter, Johns Hopkins University. The Ustilago maydis striin was UCM104 alb2 letll, kindly provided by William Hollomm, Cornell University. Restriction enzymes and T4 DNA ligase were purchased from Gibco-BRL and ENZIBIOT; Bal31 was from Boehringer Mannheim. Plasmid isolation by the alkaline procedure and E. coli transformation by CaC1, were performed as described by Sambrook e t al. (1989) . The DNA sequence was determined using the DNA Sequencing Kit, Sequenase version 2.0, from United States Biochemical. Single-stranded DNA for sequencing was prepared by the ssDNA template preparation procedure from Promega. Isolation of U. may& DNA. A modification of a procedure for yeast DNA isolation (Sherman etal., 1986) was used. Protopla*;ts were obtained from a cell pellet harvested from a 11 culture by incubating cells in SCS (1 M sorbitol, 20 mM sodium citrate pH 5.8, 10 mM EDTA) containing 20 mg Novozym (Novobiolabs) ml-' for 30 min. Protoplasts were then washed in SCS and resuspended in 50 ml 50 mM Tris/HCl (pH 7*4), 20 mM EDTA. SDS (5 ml of a 10 YO, w/v, solution) was added, and the mixture incubated at 65 "C for 30 min. Potassium acetate (1 5 ml of a 5 M solution) was added and the suspension was incubated for a further 60 min on ice. The cleared lysate was ethanolprecipitated, RNase-treated, phenol/CHCl,-extracted, ethanolprecipitated again, and the DNA was spooled out with a glass rod. The DNA was then resuspended in TE (10 mM Tris/HCl pH 8, 1 mM EDTA). This procedure was also scaled down for 10 ml cell cultures. Ba131 digestion of genomic DNA. U. maydis genomic DNA (10 pg ml-l) was digested for various periods of time with nuclease Bal31 (0.25 units ml-l) at 30 OC, in a solution containing 12 mM CaCl,, 24 mM MgCl,, 200 mM NaC1,l mM EDTA and 20 mM Tris/HCl (pH 8.0). Reactions were stopped by adding EGTA to a final concentration of 20 mM. DNA was extracted with phenol/CHCl, and ethanol-precipitated. DNA was then digested with either Satl3AI or BamHI and size-fractionated by agarose gel electrophoresis. Construction and screening of a telomere-enriched li brary.The construction of the telomere-enriched library is depicted in Fig. 1 . U. maydis DNA (60 pg) was digested for 30 s with Bal31, and the ends were filled in with the Klenow fragment of DNA polymerase followed by digestion with Sa~3A1. DNA fragments of 500-1000 bp were size-selected on a 1 % (w/v) agarose gel and eluted from the gel using the Prep-A-gene DNA purification kit from Bio-Rad. Purified DNA was then ligated at high concentration to double-digested BamHI-HincII Bluescript-KS-vector (Stratagene), using a 10-fold molar excess of vector to genomic DNA. The ligation mixture was then digested rnaydis chromosome-end-enriched library. High molecular mass DNA was briefly treated with Bal31 nuclease and then with Klenow enzyme to ensure the creation of blunt-ended sites for cloning. Sau3Al fragments of 500-1000 bp were size-selected in agarose gels and cloned into the Bluescript-KS-vector doubledigested with Hincll and BarnHI. After ligation the mixture was transformed into E. coli strain XL-1 Blue (for details see Methods). PFGE. To prepare DNA-agarose plugs from U. maydis, cells grown in 20 ml MC medium (Holliday, 1974) to OD,,, 1.2 (approx. lo7 cells ml-') were washed twice in 50 mM EDTA and resuspended in 450 p1 SCE (1 M sorbitol, 20 mM sodium citrate pH 5.8, 10 mM EDTA). Novozyme (0.5 pg ml-') was added, and 750 pl of a 1 % solution of low-melting-point agarose (BRL) prepared in 125 mM EDTA (pH 7.5). The mixture was allowed to solidify on ice for 10 min. The solidified mixture was incubated first in LET buffer (500 mM EDTA, 10 mM Tris/HCl pH 7.5, 30 mM 2-mercaptoethanol) at room temperature for 12 h and then in LDS buffer (1 YO, w/v, lithium dodecyl sulfate, 100 mM EDTA, 10 mM Tris/HCl pH 8.0) at 50 "C for 24 h (Southern et al., 1987) . DNA-agarose plugs were kept at 4 "C in 50 mM EDTA. PFGE was performed on a Rotaphor unit (Biometra Rotaphor type IV). Electrophoresis Southern hybridization. Southern blotting was done on nylon membranes (Hybond N+, Amersham) (Church & Gilbert, 1984) . Hybridizations were carried out in 0.5 M Na,HPO, (pH 7.2), 770 SDS, 1 mM EDTA, 1 % (w/v) BSA at a probe concentration of lo6 c.p.m. ml-', Low-stringency hybridization was done at 55 O C followed by washes with 2~ SSPE, 1 YO SDS at 55 OC. High-stringency hybridization was at 65 "C followed by washes with 0 . 2~ SSPE, 0.1 YO SDS at 65 OC. For removal of probes a solution of 0.1 YO SDS and 0.1 x SSPE was boiled, poured on the membrane and allowed to cool at room temperature ; this treatment was repeated at least twice.
RESULTS AND DISCUSSION

Identification of U. maydis telomeric DNA
The conservation of telomere sequences among divergent eukaryotes has facilitated the characterization of telomeric DNA from new species. Telomeric DNA from several organisms has been identified and cloned by using telomeric repeats from non-related organisms as probes.
The telomeric repeat from the plant Arabidopsis thaliana [(TTTAGGG) ,, clone pAtT41 (Richards & Ausubel, 1988) has been used to identify telomere DNA from plants (Ganal etal., 1991) and to clone telomere sequences from species such as Chlamydumonas reinhardtii (Petracek e t al., 1990) . T o test whether the A. thaliana telomeric repeat cross-hybridized with U. maydis DNA, we digested high molecular mass U. maydis DNA for progressively increasing lengths of time with Bal31 followed by digestion with Sau3AI or BamHI. Analysis of the digests by electrophoresis on agarose gels, transfer to nylon membranes, and hybridization to the insert of the A. thaliana pAtT4 clone showed a shift of the hybridization signal towards the lower molecular mass (Fig. 2a) . This result suggests that the A. thaliana telomere repeat crosshybridizes with the ends of U. maydis chromosomal DNA molecules. This type of shift was not observed when the same filter was probed with a non-repeated probe (Fig.  2c) .
Cloning and sequence analysis of the U. maydis telomeric repeat
Telomeric DNA is not usually represented in genomic libraries. End-enriched libraries have to be constructed to clone the ends of the chromosomes (Richards & Ausubel, 1988; Van der Ploeg et al,, 1984) . As shown in Fig. 2(a) , pAtT4 hybridized to a smear on U. maydis DNA digested with Sau3A1, suggesting that a Sau3AI site is present close to the end of several of the U. maydis chromosomes. We size-selected 0-5-1.0 kb fragments of U. maydis DNA digested with this enzyme to construct a telomereenriched library (see Fig. 1 ). Screening of 8000 clones by hybridization to the pAtT4 probe revealed three positive clones. These clones contained a 600 bp DNA insert which strongly hybridized to the A. thaliana telomeric repeat. DNA sequence analysis of the three clones, pUTl, pUT2 and pUT3, revealed a 6 bp repeat extending from the blunt-end cloning site (Fig. 3b) . The sequence CCCTAA was perfectly repeated in the three clones; PUT1 and pUT2 each had 37 tandemly repeated copies and pUT3 had 39 tandemly repeated copies. The complementary sequence TTAGGG correlates with their location towards the 3' end of the chromosome, as has been also found in other organisms. As expected for telomeric DNA, the sequence contained in these clones is sensitive to exonuclease Bal31 digestion (Fig. 2a) ; it is remarkably similar to the A. thaliana telomere repeat which was used as a probe, and the G-rich strand is oriented towards the 3' end of the chromosome. The DNA sequence of this telomeric repeat is identical to the sequence found in humans and other vertebrates (Meyne etal., 1989; Moyzis etal., 1988) , in Ph_ysarum (Forney etal., 1987) , Tr_ypalzusuma (Blackburn & Challoner, 1984; Van der Ploeg etal., 1984) and Neurospora (Schechtman, l990) , where the telomere sequences consist of tandem repeats of the fixed unit TTAGGG.
Sequence analysis of the telomere-associated sequences
In addition to the telomeric repeat, the adjacent regions also had stretches of repeated sequences. These sequences are referred to as telomere-associated sequences. No function has yet been identified for telomere-associated sequences, although roles in replication, healing of broken chromosomes after radiation damage or protection of P. A. GUZMAN a n d J. chromosomes from degradation have been proposed (Zakian, 1989) . The fact that the smallest yeast chromosome lacked detectable amounts of the telomereassociated sequences X and Y' and that large chromosomes seem to contain these elements suggests that they are required for stable maintenance of large natural chromosomes (Zakian & Blanton, 1988) . DNA sequence analysis of the region adjacent to the telomere in clones pUT1, pUT2 and pUT3 revealed an almost identical sequence in the three clones: pUTl and pUT2 were identical and pUT3 had 90 YO identity (Fig. 3a) . Although the three U. maydis clones were isolated as independent clones, two have an identical DNA sequence ; at this point we can not tell whether these two correspond to the same telomere or if they come from different chromosome ends. The 376 bp of this sequence show some noteworthy features (Fig. 3a, b) : a 198 bp G-rich region (42 YO) and a 87 bp G-rich region flank a 91 bp A + T rich region (88%). We will refer to this sequence as UTAS, for Ustilago telomere-associated sequences. In other species, one characteristic of telomere-associated sequences is their polymorphic distribution (Zakian, 1989) . In S. cerevisiae and in humans these sequences are organized as a series of middle-repeated sequences, which are found in some but not all the chromosomes, with their distribution varying among different chromosomes (Brown e t al., 1990 ; Zakian & Blanton, 1988) . With the analysis of our clones we can not yet determine the extent of the telomere-associated elements in U. maydis. The cloning and DNA sequence analysis of larger segments of DNA from the telomere region towards the centromere will define more precisely the structure of the telomere-associated elements in U. maydzs. Tnterestingly, adjacent to the telomere repeat in the U. maydis UTAS there is an A + T-rich region of some 90 bp.
Autonomously replicating sequences (ARSs) have been also found associated with the yeast X and Y' elements (Chan & Tye, 1980 ). Yeast ARSs are some 100 bp in length and have a high A + T content; all ARSs contain one or more copies of an 11 nucleotide consensus sequence (Newlon, 1988) . Thus, it could be speculated that the U. maydis UTAS could have an ARS function. ARSs have already been isolated from U. maydis (Tsukuda e t al., 1988) . These sequences, called UARSl, were identified by searching for plasmids containing random genomic fragments which increased the frequency of transformation. N o obvious sequence homology could be detected between UARSl and UTAS (data not shown). Thus, if UTAS have a function in chromosome replication it may be as a special type of replication origin for chromosome termini, although other types of function can be hypothesized.
Chromosomal distribution of the telomeric repeat and of telomere-associated sequences
It is assumed that telomeric repeated sequences are found in all of the chromosome ends of an organism, whereas the telomere-associated sequences are often found at some but not all the chromosome ends (Zakian, 1989) . T o confirm that the A. tbaliana telomere cross-hybridizes with all of the U. maydis chromosomes and to examine the distribution of the UTAS we initially used PFGE. As probes we used the A. tbaliana telomeric repeat and a 330 bp restriction fragment which contains the UTAS region and no telomeric repeat. Although clusters of bands in the range 600 to 2 1100 kb were not resolved when IT. maydis chromosomes were separated by PFGE, the result showed that the telomeric repeat and the UTAS hybridized to all of the U. maydis chromosomes that could be distinguished after ethidium bromide staining (Fig. 4a,  lanes 2 and 3) . The fact that the intensity of hybridization with telomeric or UTAS probes was comparable, both between the probes and to the ethidium bromide staining, supports this result.
T o determine whether UTAS were found at the chromosomal end adjacent to the telomeric repeat, U. maydis DNA was digested separately with three restriction enzymes, electrophoresed on an agarose gel, and hybridized first to the telomere repeat and then rehybridized to the UTAS probe. At least 25 fragments hybridized for each digestion. In each of the three digestions the pattern of hybridization was very similar with either probe. The fact that the same size fragments hybridize with the two probes suggests that they are contained within the same fragment. These results suggest that the UTAS region is found in all of the U. mqdis chromosomes at a position adjacent to the telomere repeat. Some differences can be seen, though: EcoRI fragments of about 7.0 and 3.0 kb, BamHI fragments of about 6*0,4.5 and 3.0 kb, and Hind111 fragments of about 13-0 and 6-8 kb (Fig. 4b) .
In various species telomere-like sequences can be found at non-telomeric positions in the chromosome. They can be found close to the telomere region as in S. cerevisiae, where P. A. G U Z M A N a n d J. (Fig. 2b) , indicated that there are at least four bands (0.8 kb, 0-9 kb and two of 1.7 kb) which are Ba131 insensitive. These results suggest that telomere-like and UTAS-like sequences are also located in non-telomeric regions in the U. maydis genome. Thus, it would be interesting to investigate further the chromosomal location of telomere-like and UTAS-like sequences in U. maydis.
